I INTRODUCTION
When an accident happens in a nuclear facility, the operator of the facility must quickly report all information on the accident to the central and local governments to aid in preparing and evaluating an effective emergency response plan. In this report, the predicted environmental dose is some of the most important information.
For calculating the environmental dose rapidly, a simple model such as the plume model or the puff model is commonly used. In the Tokai Works, Japan Nuclear Cycle Development Institute (JNC), the computer code system named "Simulation and Mapping System for Emergency Environmental Effects" (SMAP) was developed in 1997, based on the puff model. SMAP was used for calculating the dispersion of the radioactive noble gas that was released in the JCO criticality accident in 1999, and did well at simulating the variations of the air absorbed dose rate that was observed at monitoring stations (MS) and monitoring posts (MP) in and around the Tokai Works.
However, the plume model and the puff model are not appropriate for calculating dispersion over complex terrain such as mountains and valleys. Thus a particle dispersion model was developed for precise predictive calculation over complex terrain. 3 One of the calculation code systems which systematize this model is the "System for Prediction of Environmental Emergency Dose Information" (SPEEDI)4) which was established for emergency preparedness in local governments neighboring nuclear facilities in Japan.
SPEEDI was developed for local authorities to predict population responses, so the main target area is the residential zone from a few km to several tens of km from the facility. The operator of the facility is required to calculate the dose in the vicinity of the facility, especially the maximum dose that might occur within several km of the facility.
The computer code system named "Simulation system (II) for emergency dose by released radioactive substances" (SIERRA-II) was developed for the operator to calculate doses precisely, including the maximum, in the vicinity of the facility. SIERRA-II is based on a wind-field model and a particle-, dispersion model. SIERRA-II has already been established in the Tsuruga, Tokai and 0-arai areas of JNC. 5, 6 This report provides brief descriptions of SIERRA-II in the Tokai and 0-arai areas and the results of its performance examination. The test used data for air absorbed dose rate that were obtained at MS and MP in the Tokai Works when 85Kr was discharged during the operation of the Tokai Reprocessing Plant (TRP), based on the safety regulations for the TRP.
II OUTLINE OF SIERRA-II 1. Functions and data flow of SIERRA-II SIERRA-II can calculate the site-specific atmospheric dispersion of airborne radionuclides accidentally released from the facility of the Tokai Works or the 0-arai Engineering Center in real time. Table 1 and Fig. 1 show the basic functions and the data flow of SIERRA-II.
The target calculation domain is an area 40 km X 40 kmX400 m high, including the Tokai Works and the 0-arai Engineering Center using 32 X 32 X 20 grid cells with a horizontal interval of 1. 25 km and a vertical interval of 20 m. For the 4 kmX4 km areas in the vicinity of these works, where the maximum dose would occur, the finer horizontal grid interval of 50 m is employed, using a nested grid model. ' The target calculation period extends to a maximum 48 h forecast, a period that corresponds to the input meteorological prediction data mentioned below.
The input data are on-line local meteorological and effluent data refreshed every 10 min, which are observed and monitored in the Tokai Works and the 0-arai Engineering Center, and hourly local meteorological data predicted by an atmos- Table 1 Functions of the SIERRA-II. pheric dynamic model. In the Tokai Works, wind speed and direction at a height of 90 m above ground, the same height as the stack of the TRP, is observed at two points, one about 250 m south on a meteorological tower and the other about 500 m west of the stack, using a Doppler solar. Surface wind speed and direction, insolation and net radiation 1. 5 m above ground level, and the amount of rainfall, are observed at a point about 500 m west of the stack. Also, wind speed and direction 15 m above ground level are observed at a point about 3 km southwest of the stack. From the surface wind speed, the insolation and the net radiation, the atmospheric stability category is defined on the basis of the meteorological guidelines for Japan. 8 In the 0-arai Engineering Center, located about 20 km south of the Tokai Works, wind speed and direction at 10 m, 40 m and 80 m above ground level, insolation and net radiation 1. 5 m above ground level, and the amount of rainfall, are observed at a point about 200 m northwest of the stack of the Experimental Fast Reactor "JOYO" which is 80 m high.
The release rates of radionuclides are monitored at the stacks of the main facilities such as the TRP and JOYO. For releases of radionuclides other than by these stacks, information such as the release point, release height and release rate can be appointed on the computer monitor by the graphical user interface (GUI) of SIERRA-II. The program deals with nuclides that might be released should an accident occur at the Tokai Works or the 0-arai Engineering Center (15 rare gas nuclides; 7 iodine; and 64 nuclides of other fission products). Of these nuclides, up to 5 can be incorporated in the program setting for time-variable release rates. Data such as the gammaray effective energy and the gamma-ray average energy are stored in the system database.
These input data from the Tokai Works and the 0-arai Engineering Center are continuously transmitted and stored by telemetry systems, and SIERRA-II acquires these data every 10 min through the local area network (LAN) of INC.
Local meteorological data are also used, as predicted by an atmospheric dynamic model using for data the Grid Point Value (GPV) which the Japan Meteorological Agency (JMA) offers twice a day. The prediction calculation is performed at the Nuclear Emergency Assistance and Training Center (NEAT), located about 7. 5 km south of the Tokai Works. Within a few min after the GPV data are provided from the JMA to the NEAT, the data are forecast up to 48 h in advance. These data are acquired on-line by SIERRA-II when a prediction calculation is needed. The data include hourly wind speed and direction at 10 m, 100 m, 200 m, 300 m and 400 m above ground level, atmospheric stability and the amount of rainfall at 9 points in the 40 km X 40 km area, with a horizontal interval of 20 km, including the Tokai Works and the 0-arai Engineering Center.
The outputs of SIERRA-II are vector plots of wind fields, contour maps and tables of maximum internal and external doses that are obtained by the sum or the accumulation of the dose rates during an arbitrary target period. The isopleths of the contour maps show air concentration, air absorbed dose rate and effective dose rate due to the external exposure from the radionuclides deposited on the ground surface and due to internal exposure by inhalation.
SIERRA-II runs on a personal computer (PC) under the windows operating system (Windows). GUI operation simplifies the setting of calculation conditions, execution of calculation, and the setting of calculation output requirements. Data describing topography and radionuclides are stored in a database beforehand, which makes GUI operation simple.
2. Models of SIERRA-II
(1) Characteristics of models in SIERRA-II The models SIERRA-II uses for calculating wind fields, atmospheric dispersion and dose are based on the computer codes in the "Exact Preparedness Supporting System" (EXPRESS). 9) The EXPRESS codes were developed for calculating the three-dimensional atmospheric dispersion of radionuclides on a small unix workstation. EXPRESS was re-coded and improved for Windows on a PC. The calculation procedure in SIERRA-II is shown in Fig. 2 . The main improvements of SIERRA-II are as follows.
(i) To calculate with high spatial resolution, a small grid interval must be employed, which imposes a high computational cost. In SIERRA-II, a nested grid model was employed for calculating with high spatial resolution in the vicinity of the facility with low-cost computation. In this model, the horizontal grid resolution is fined down for the nested domain. The areas around the facilities have a finer horizontal grid interval of 50 m in the domain of 4 kmX4 kmX400 m which is nested in the larger domain of 40 km X 40 km X 400 m with its larger grid interval of 1. 25 km.
(ii) To facilitate the prediction calculation, the local meteorological fields are calculated by an atmospheric dynamic model, Area-oriented Numerical simulation and Environmental assessment MOdeling System (ANEMOS), 10 which was developed by the Japan Weather Association. ANE-MOS numerically solves the motions of the atmosphere on the basis of the turbulence model developed by MellorYamada" considering the physical properties of the atmosphere. (2) Calculation flow The outline of the procedures in SIERRA-II is as follows.
(a) Wind field calculation The first step of the wind field calculation is the interpolation of wind data onto three-dimensional grid points. The wind data are interpolated with the following equation,
where (u, v, w); is the wind speed at the grid (i, j, k) (m s-), N the number of input wind data, (u, v, w), the m-th input wind speed (m s-) and W, the weighting factor of the m-th input wind data. W, is defined by the horizontal and vertical distance between the m-th wind speed observation point and the grid, and the elevations of the topographic obstacles existing between them. They are weighted by using a formula similar to EXPRESS. When both dynamic-model-based and observed
input data are available, the latter are used. SIERRA-Ll uses nested wind fields. First, the wind fields are calculated in the larger domain (40 kmX40 kmX400 m), and then by using the results as the boundary conditions, the wind fields are calculated in the smaller domain (4 kmX4 kmX400 m) which is nested in the larger domain. An example of the calculated wind fields in both domains is shown in Fig. 3 .
The second step is the adjustment of interpolated wind data 
where a, and a2 are weighting coefficients that prescribe the ratio of the horizontal to the vertical adjustment of wind speed, (uo, Vo, wo) the interpolated wind speed and 2 a Lagrangian multiplier. The technique for solving the variational equation is discussed by Sherman. 12 The values of al and a2 are used to adjust the ratio of the horizontal correction value to the vertical one in the wind speed field. It should be selected so as to define a detour around or over topographical features depending on the stability of atmosphere. In the prediction of wind fields by the atmospheric dynamic model, the input wind data are calculated considering the atmospheric stability. So, the value of al/a2 is independent of the atmospheric stability, and set to the same value as the ratio of the intervals of the vertical grid to those of the horizontal grid.
(b) Atmospheric dispersion calculation For calculating the atmospheric dispersion of radionuclides, the advection and diffusion equation was solved numerically based on a random-walk method. A particle whose position is (xt, yr, zt) at time t is located at the position (xt+Ar, yt+at, zr+ar) at time (t+d t). This relation is expressed by the following equations, (7) where u is the wind speed (m su') and a the standard deviation of the plume (m).
The value of 6 is derived from the Pasquill-Gifford chart13 according to the atmospheric stability category and downwind distance. The value of the vertical diffusion coefficient, Ko, increases with downwind distance, and saturates over several km downwind in neutral or stable atmospheric conditions. In EXPRESS, saturated values are employed regardless of downwind distance, because this makes it possible to consider three thermally stratified vertical layers. 14 However, the main target domain of SIERRA-II is the region up to several km from the facility, so the saturated values which are employed in EXPRESS are too large for SIERRA-II. So, the values of K 0 and K'0 were derived from the Pasquill-Gifford chart in accordance with downwind distance, and only one thermally stratifled vertical layer above the ground is considered.
(c) Calculation of air concentration and doses To calculate the air concentration from the distribution of particles, the Kernel Density Estimator (KDE) method's is applied to reduce the computation time and to prevent statistical errors due to a reduction in the number of particles; in this method the distribution of each particle's radioactivity is assumed to be Gaussian. The concentration is calculated by summing up the distribution of the radioactivity from all particles. The concentration, Q/Q);(x, y, z)(m-3), at the point (x, y, z) which is allocated from the particle i with unit radioactivity at the point (XY, Z) is calculated by the following equation, The KDE method is also applied to the calculation of air absorbed dose rate due to radioactive clouds. With each particle regarded as a puff cloud having the distribution given by Eq. (8), the gamma-ray dose contribution from each puff is integrated to calculate the air absorbed dose rate at the evaluation point. The values of ('/Q)(x, y, z) and the air absorbed dose rate resulting from the ('/Q);(x, y, z) are calculated beforehand with several parameters, and stored as table values in an input file.
The calculation procedures for the amount of ground-deposited radionuclides, the external dose rate from the deposited radionuclides, and the internal dose rate due to inhalation are also the same as in EXPRESS.
The coordinate system of the model is rectangular. The wind speed field is defined on the grid points. The concentration and the dose are defined as the value at the center of a cell surrounded by meshes. A piece of terrain feature data is converted into the vertical mesh height closest to the real height in the corresponding horizontal mesh, with the terrain feature corrected into block topography.
3. System Operations System operations such as setting the calculation conditions, calculation execution and setting output conditions are performed with the GUI. The main operation screens (referred to as "the windows" below) used to operate the system are shown in Table 2 .
In the start window, the target area (Tokai or O-arai) for calculation is selected and the system is booted up. After initiation, every time a "Next" button in a window is pressed, a new window corresponding to the operation flow will appear.
In the window for selecting a target facility, the names of the stacks of the main facilities in the target area are displayed, and the target stack is selected from these. For releases from points other than the stacks of main facilities, the release point can be set anywhere on the map in the window.
In the window for setting calculation conditions, the release conditions of radionuclides and the evaluation period can be defined. For releases from the stacks of the main facilities, effluent monitor data are used that were collected and stored up to the current time. For releases from points other than the stacks of the main facilities, the continuous release rate of unit radioactivity should be assumed. For a prediction calculation using data calculated by the atmospheric dynamic model, the continuous release rate of unit radioactivity is also assumed.
At the completion of these settings, the calculation conditions are saved and the calculation is executed.
In the window for graphical output, the item of interest (i. e. Figure 4 shows a contour map of the air absorbed dose rate resulting from the release of uKr during the operation of the reprocessing plant. As shown in Fig. 4 , the contour map can be shown along with an indication of the point of the maximum dose rate, the value of the maximum dose rate, and the value of the Table  2 Main GUI windows for the operation of SIERRA-II. dose rate at a point specified arbitrarily on the map. Like Fig.  4 , Fig. 5 shows in table form the values of effective doses associated with the release of -5Kr. As shown in Fig. 5 , it is possible to indicate the point where the maximum value of the effective dose occurs due to the release of nuclides during an arbitrary evaluation period, the value of the dose there, and the value of the dose at an arbitrarily specified point. In the system exit window, the calculation results are saved and then system operation is terminated.
III PERFORMANCE EXAMINATION
OF THE SIERRA-II 1. Observation of air absorbed dose rate around the TRP Around the TRP, air absorbed dose rates are continuously measured by 2"x2" O energy compensated NaI (TI) scintillation detectors at 10 of monitoring stations (MS) and monitoring posts (MP) at distances of 0. 3 to 1 km from the TRP stack, as shown in Fig. 4 . The normal background dose rate for each detector is from 30 to 40 nGy h-1. Except for the data during a period affected by rainfall, the data consisting of 10-min averages taken at 10-min intervals over a period of 3 h reveals that the standard deviation of data fluctuation is less than I nGy h-.
When "' Kr is discharged from the stack during the chopping and dissolution of spent fuel, based on the safety regulations for the TRP, the temporal increase of the dose rate was observed by MS and MP in the downwind direction of the stack. The pattern of the increase was the almost the sane as that of the discharge rate of "' Kr from the stack. Thus the increase of the dose rate due to the discharge of '"Kr is determined from the discharge rate of "Kr and the wind direction.
Comparison between calculation and observation
In 2003, the TRP was operated from September 17 to December 3. The increase of the dose rate which was calculated by SIERRA-II was compared with the observed dose rate during this period. An example of these results is shown in Fig. 6 , where the observed dose rate is the additional dose rate due to the discharge of "' Kr. The dose rate data obtained by calculation and that obtained by observation are expressed in 10-min averages. In Fig. 6 , a relatively large increase of dose rate was observed from 17:00 to 18:00 on October 20, 2003. (a) During the period from 17:00 to 18:00, a large release of Kr occurred; a north-east wind blew then toward MS2, where the dose rate increased. The increase in the dose rate was simulated well by SIERRA-II. Figure 7 shows the scatter plot of the calculated and observed dose rates. They are the 10-min averages observed at 10 of MS and MP shown in Fig. 4 during the period between September 17 and December 3, 2003. The calculation was performed by using 10-min-average meteorological observational data and data on nuclide release rates at the stacks. In Fig. 7 , the point indicates the calculated dose rate when the observed increase of dose rate was more than 1 nGy h-, and the observed dose rate when the calculated dose rate was more than 1 nGy h-. The observed dose rate was an additional dose rate due to the discharge of 85Kr, which was calculated by subtracting the normal background, a three-hour average prior to the start of 85Kr release. The ratio of the calculated to the observed dose rates is shown by the line labeled R. The points on each axis indicate the calculated or the observed values less than 1 nGy h-. Figure 7 shows that agreement within factors of 2 and 5 was seen for 42 % and 74 % of observations, respectively. The mean fraction bias of which the value range between -2. 0 (extreme 'over-estimation') and +2. 0 (extreme under-estimation)16) was 0. 41, which meant somewhat underestimation. Because the comparison quantity involved is the dose rate, it is estimated that the spatial average works effectively and that it results in the fairly good agreement between calculation and observation. In the next study, further analysis of the difference between calculation and observation will be performed in terms of the air concentration.
IV CONCLUSION
The computer code system, SIERRA-II, was developed to calculate the radiological impact of accidental releases of radionuclides from a nuclear facility in real time. 
